We present the results of spectral analysis of 42 simultaneous broad-band Ginga-OSSE and RXTE-OSSE observations of Cyg X-1 carried out in 1991 and 1996-1999. The hardest spectra in our sample in the energy range from 3 to ∼ 1000 keV can be well described by thermal Comptonization model with reflection from the cold disc, while the rest of the spectra are more complex and require an additional component below 10 keV. The relative contribution of this component to the total energy flux appears to be higher in the spectra with larger reflection amplitude and steeper photon index of the thermal Comptonized component. We consider a number of physically realistic models to describe the shape of the E < ∼ 10 keV excess. The additional soft component can result from thermal Comptonization by electrons with a low Compton parameter, or can be a part of a nonthermal, power-law like emission extending above 1 MeV.
INTRODUCTION
Matter accreting onto a black hole, whether supermassive in Seyfert galaxies or stellar mass in Galactic X-ray binaries, releases most of its gravitational energy in the form of X-rays deep in the potential well. Accretion may proceed in a number of regimes. The accret-Vaiana 1979; Tout & Pringle 1992; Svensson & Zdziarski 1994; Beloborodov 1999a; Miller & Stone 2000) . However, every model is based on a number of assumptions that include prescriptions for the viscosity, the vertical distribution of the energy release through the flow, the energy transport mechanisms, etc. Given the difficulties in the accretion physics, observations should help in choosing among the different possibilities as well as guide theoreticians in the right direction.
Cygnus X-1, one of the best studied black hole binaries (BHB), served as an accretion disc laboratory since the end of the 1960's. The most dramatic observed phenomena are the spectral state transitions occurring every few years, when the source, typically emitting most of its energy at about 100 keV in the hard state, switches to a ∼ 1 keV black-body dominating soft state. The hard state spectrum was believed to originate from thermal Comptonization in a hot electron cloud (Shapiro, Lightman & Eardley 1976; Ichimaru 1977; Sunyaev & Trümper 1979; Sunyaev & Titarchuk 1980) . The black-body looking soft-state spectrum was associated with the optically thick accretion disc (Shakura & Sunyaev 1973) , while the origin of ∼ 100 keV emission in that state was not discussed much, because the detailed spectrum was not available.
During the last decade, the quality of the X/γ-spectra increased dramatically improving our knowledge as well as producing many new questions. In the hard state, the spectrum turns out to be rather complicated containing a number of components. Thanks to the broad-band coverage by Ginga and CGRO (and later by ASCA, RXTE and BeppoSAX) , and advances in modelling of Comptonization at mildly relativistic temperatures (Coppi 1992; Poutanen & Svensson 1996) , the parameters of the electron cloud where Comptonization takes place were determined to a high accuracy. In Cyg X-1, the electron temperature of kTe ≃ 100 ± 10 keV and the Thomson optical depth of τ ≃ 1-1.5 were found to be typical (Zdziarski et al. 1996 Gierliński et al. 1997; Poutanen 1998; Frontera et al. 2001; Zdziarski & Gierliński 2004) . Compton reflection bump, a signature of the presence of cold matter in the vicinity of the X-ray emitting source, was discovered (Done et al. 1992; Ebisawa et al. 1996; Gierliński et al. 1997) . The black body associated with the cooler accretion disc (Bałucińska & Hasinger 1991; Bałucińska-Church et al. 1995; Ebisawa et al. 1996) and an additional soft excess at a few keV of unknown origin further complicate spectral decomposition (Di Salvo et al. 2001; Frontera et al. 2001) . A high energy excess at > 500 keV discovered by CGRO (McConnell et al. 1994; Ling et al. 1997) gives some clues about presence of nonthermal particles in the source.
The X/γ-ray soft state spectrum has been studied extensively by simultaneous observations with ASCA, RXTE, BeppoSAX, and CGRO during summer 1996 . In addition to the dominating blackbody, a long power-law like tail extending up to 10 MeV was discovered (McConnell et al. 2002) . The high-energy spectrum could be well described by single Compton scattering off electrons having a nearly power-law distribution (Poutanen & Coppi 1998; Poutanen 1998; Gierliński et al. 1999, hereafter G99; Frontera et al. 2001 ). The Compton reflection was stronger than in the hard state, which was interpreted as a change in the geometry of the system, from the hot inner flow in the hard state to the standard Shakura-Sunyaev disc with a nonthermal corona in the soft state (Bisnovatyi-Kogan & Blinnikov 1977; Ichimaru 1977; Poutanen, Krolik & Ryde 1997; Li & Miller 1997; Esin et al. 1998; Poutanen & Coppi 1998 ). Evaporation and condensation of the gas can provide a physical basis for the change of the transition radius between standard disc and hot inner flow (Meyer, Liu & Meyer-Hofmeister 2000; Różańska & Czerny 2000) . A smaller reflection fraction in the hard state, however, can be explained by a beaming of the primary emission away from the disc due to mildly relativistic motion of the emitting plasma (ejection model, see Beloborodov 1999a,b; Malzac, Beloborodov & Poutanen 2001, hereafter MBP01) . In order to distinguish among different possibilities, one needs to compare model predictions with other observational facts.
A few, well separated in time, broad-band spectra do not give us a good picture about relations between different components such as, for example, Comptonized continuum and the reflection bump. One can study these relations on a larger data set in a narrower energy band. Zdziarski, Lubiński & Smith (1999) (hereafter ZLS99) and (hereafter GCR99) analyzing data from Ginga and RXTE, respectively, showed that the photon spectral slope of the Comptonized emission, Γ, is strongly correlated with the amplitude of Compton reflection component, R = Ω/2π, where Ω is the solid angle the cool material covers as viewed from the source of primary X-rays. This correlation exists for individual BHBs and Seyfert galaxies as well as in a sample of sources (see also Gilfanov, Churazov & Revnivtsev 2000; Revnivtsev, Gilfanov & Churazov 2001) . Zdziarski et al. (2003) studied possible statistical and systematic effects and concluded that the correlation exists beyond any reasonable doubts. Similar correlation also exists for Fourier-frequency resolved spectra, i.e., those corresponding to the variability in a given range of Fourier frequencies .
The observed correlation provides extremely important clues to the geometry of the accreting material and can be used for testing theoretical model. The fact that Γ and R are correlated is a natural consequence of co-existence of the cold media (accretion disc) and a hot Comptonizing gas in the vicinity of the black hole. The cold material acts as a source of seed photons for Comptonization and, at the same time, reflects and reprocesses the hard radiation produced in the hot gas.
The cold disc with the hot inner flow model naturally produces the correlation if there is an overlap between hot and cold phases ZLS99) . However, the Γ-R dependence observed in BHBs can be quantitatively reproduced only if the ratio of the seed photon temperature, kT seed , to the electron temperature is about 10 −4 (ZLS99; Gilfanov et al. 2000) . For kTe ∼ 100 keV this gives kT seed ∼ 10 eV which is an order of magnitude smaller than the disc temperature in BHBs and closer to that expected from Seyferts. For kT seed ∼ 300 eV, the spectra are too hard for the given reflection fraction. In this model, the spectral slope is an extremely steep function of the overlap between the corona and the disc, while the reflection varies very little (Beloborodov 2001) . Intrinsic dissipation in the disc can make spectra softer for the given reflection, but then the spectral slope will be even steeper function of the overlap. Values of reflection larger than 1 sometimes observed in Seyferts also cannot be explained. On the other hand, all the data can be well described by the ejection model with the correct kT seed (Beloborodov 1999a,b; MBP01) .
The problem is that theoretical models try to reproduce the best-fitting Γ and R which are subject to a number of systematic effects. The photon index and, especially, the strength of the Compton reflection depend crucially on the spectral shape of the underlying continuum and description of the reflection physics (see detailed discussion in Zdziarski et al. 2003) . All the papers above, where this correlation was studies, assumed the underlying spectrum to be a power-law. Since the Comptonization spectrum has a cut-off at high energies it gives fewer incident photons that are available for reflection (Weaver, Krolik & Pier 1998; Perola et al. 2002; Malzac & Petrucci 2002) , and thus the fitted R would be larger. Fitting an exponentially cut-off power-law to the broad-band data (e.g. Matt 2001; Perola et al. 2002) does not improve the situation, since this model does not reproduce well the shape of the Comptonization continuum (Malzac & Petrucci 2002; . Approximate treatment of ionization could be another source of errors.
As we discussed above, the spectra of BHBs are rather complex having number of components, and it is not possible to resolve different spectral components (e.g. thermal Comptonization and soft excess) in the narrow energy range of an instrument such as RXTE/PCA or Ginga/LAC. There is a danger that different components overlap in that energy band producing effectively a powerlaw of one index while in reality the slope of the primary emission could be rather different. The resulting reflection amplitude could be also influenced significantly. Thus, in order to obtain actual Γ and R to be used in theoretical models, analysis of broad-band data with physical models (such as Comptonization) is absolutely necessary.
Additional sources of information are the width of the fluorescent Fe Kα line at 6.4 keV and the frequencies of the quasi-periodic oscillations that were also observed to correlate with the reflection fraction and the spectral slope (Gilfanov et al. 2000, GCR99) . This seems to be consistent with the variations of the inner cold disc radius. Not much data exist on the variability of the electron temperature and Thomson optical depth of the Comptonizing source which can provide information about the nature of the emitting plasma (electron-proton or electron-positron). It would be of interest to determine how the optical depth changes with the bolometric flux, because this can help in distinguishing the accretion mode the flow is in.
In this paper, we analyze a large set of simultaneous broadband spectra. Four observations of Cyg X-1 by Ginga/LAC and CGRO/OSSE from 1991 as well as 38 observations by RXTE/PCA, RXTE/HEXTE and CGRO/OSSE from 1996 -1999 are studied in details. For the spectral analysis, we use physically motivated Comptonization models and study correlations between model parameters such as spectral slope of the primary Comptonization continuum, reflection amplitude, the width of the Fe line, electron temperature of the hot gas, and its Thomson optical depth.
OBSERVATIONS AND DATA ANALYSIS
The observation log is presented in Table 1 . Data reduction for RXTE has been carried out using LHEASOFT 5.2 software; PCA responses were generated using pcarsp v. 8.0 and HEXTE responses were used from 2000 May 26. Systematic errors of 0.5% were added in quadrature to the PCA data. CGRO/OSSE spectra were prepared by adding per-orbit data (average exposure 2-5 ksec), with total exposure up to 12 hours and contemporary PCA observation in the middle of the period. The systematic error in OSSE spectra varies from 3% at 50 keV to 0.3% at 300 keV. Stability of OSSE spectra was checked using hardness ratios (154-282/52-154 keV) for per-orbit spectra being added. If orbital spectra within 12 hours were apparently different, we lowered the total integration time to include only similar data.
We used PCA data from 3 to 20 keV, HEXTE data from 25 to ∼170 keV and OSSE data from 50 to 700-1000 keV. In several cases, absorption of the spectrum exceeds the value of NH = 6.2 × 10 21 cm −2 , which we hereafter assume. In order to keep the same number of free fit parameters, we ignored PCA data up to 4 keV in these spectra. In addition, four Ginga/LAC and OSSE simultaneous observations from 1991, previously studied by Gierliński et al. (1997) , were also analyzed. The Ginga/LAC data are available from 1.7 keV, but we decided to use exactly the same energy interval as covered by the PCA. For the spectral analysis, we use XSPEC 11 (Arnaud 1996) .
The spectra may be separated into two groups based on the difference of their photon index, see Fig. 1 . Spectra from 1991 and 1997, represented on the figure by observation 6, have Γ ∼ 1.6 (usual for the hard state) and ones from 1999 (observations 25 and 31) have Γ ∼ 1.8-2.2, and hereafter we call the corresponding state as an intermediate one. The spectra from 1996 and 1998 are close to the hardest ones from 1999. Note that this classification differs from the most common definition of the intermediate state as corresponding to the period of transition between the hard and soft states (see e.g. Zdziarski & Gierliński 2004 
SPECTRAL ANALYSIS
In order to describe the observed broad-band spectra we use the following models: (0) Power-law (without or with an exponential cutoff) and Compton reflection (pexrav model, Magdziarz & Zdziarski 1995) ;
(1) thermal Comptonization and reflection;
(2) two thermal Comptonization models and reflection, with the soft excess also modelled by thermal Comptonization;
(3) thermal Comptonization with reflection plus a nonthermal Comptonization corresponding to the soft state spectrum.
We use the eqpair code (Coppi 1999; G99) for modeling thermal and nonthermal Comptonization. All models include also interstellar absorption and a Gaussian line. The presented error ranges correspond to 1σ.
The power-law and reflection model
The spectra of Cyg X-1 clearly show correlations between reflection amplitude and the spectral index (GCR99, ZLS99). Detailed analysis confirms ) that the extend of correlation is much larger than typical errors in the best-fitting parameters. However, since the PCA spectrum falls in a quite narrow energy interval and it is difficult to distinguish between various spectral components that may form an "effective" power-law. Therefore, it is not certain that the values for Γ and R obtained from the simple power-law/reflection fits indeed correspond to the actual physical situation.
Still, in order to compare our results with those of previous analysis, we have performed fits similar to those presented in ZLS99 and GCR99. We later compare them to the results obtained with more physical models (see Sect. 4.3). We use the XSPEC model phabs*(pexrav+gaussian) (model 0), i.e., a power law with the photon index, Γ, and Compton reflection with the relative strength, R (Magdziarz & Zdziarski 1995) , accompanied by a Gaussian fluorescence Fe Kα line (characterized by the relativistic smearing width σ and the equivalent width EW ), all absorbed by interstellar material of column density NH. Hereafter, we assume the disc inclination of i = 50 • and neutral reflector.
The fit results are presented in Table 2 . Only the low-energy (RXTE/PCA and Ginga/LAC) data were fitted, and therefore we did not apply any high-energy cutoff to the power law. We find that the correlations between spectral parameters (see Fig. 2 ) are similar to GCR99 results. In some cases, either the presence of a soft excess or a value of NH different from that assumed here was implied by data at lowest energies. In those cases, we ignored data at < 4 keV in order to keep the same model for all the data sets. As shown in Section 3.3 below, there is a likely overlap of different spectral components in the PCA energy range for the observations 1-4 and 18-38. Therefore, the model 0 cannot represent a good approach for physical interpretations for the spectra. Taking into account also the OSSE data and including an exponential cutoff in the model, we can model the joint data only very roughly, with χ 2 /dof ∼ 2. This is likely to be due to the the shape of the exponential cutoff (which is assumed in pexrav) being substantially different from the shape of the cutoff of thermal Comptonization (see e.g. Zdziarski et al. 2003) . This provides an argument against utilizing simple phenomenological models in the analysis of BHB spectra.
Fits to the hard states of 1991 and 1997
The hard state spectra are well described by thermal Comptonization Poutanen 1998; Frontera et al. 2001) . We use the model 1, phabs*(eqpair+gaussian), in XSPEC as a physical model that describes this process (see Coppi 1999; G99) . The spectrum of seed photons is from a pseudo-Newtonian accretion disc, see G99. Parameters of emission are expressed through the compactness,
where L is the source luminosity, R is the radius of the emitting spherical cloud, and σT is the Thomson cross section. We consider here thermal plasma. The model is characterized by the following parameters: ℓs -the compactness of soft seed photons (assumed here to be 1); ℓ h /ℓs -the ratio of the dimensionless energy dissipation rate in a hot cloud to ℓs; kTmax -the maximal colour temperature of the disc (at 9.5 gravitational radii, Rg = GM/c 2 , or at the inner radius of the disc, if it is cut off at larger value); τp -the Thomson optical depth corresponding to the ions; R -the reflection amplitude. Since there are large (∼25%) errors on kTmax, we decided to fix it at the common value of 200 eV. The model computes the coronal temperature, kTe, and the total optical depth, τ , from the background electrons and produced e ± pairs self-consistently from the energy and pair balance. For the assumed compactness, pair production is negligible for all considered spectra, and thus the resulting total optical depth τ = τp. In the fits, we assume the inner disc radius of 6Rg (this parameter has only effect on the relativistic smearing of the reflected component, that could be hardly resolved with present energy resolution).
The 1991 and 1997 hard state spectra (G1-G4, 5-17, from 3 to ∼1000 keV) are well approximated by this model. The best-fit parameters are presented in Table 3 . We notice that Γ is similar to the values obtained with the model 0, but the model 1 fits yield slightly lower values of R. We notice that in the model 0, Γ was directly the spectral index of the model fitted to the data, whereas the present Γ is obtained from fitting the intrinsic model spectrum in the range of 2-10 keV (chosen to enable comparison with results of other papers). The normalization of eqpair, corresponding to the disc component, is fcM 2 cos i/(D 2 β 4 c ), where fc is the covering factor, M is the black hole mass in units of the solar mass, D is the distance to the source in units of kpc, and βc is the ratio of the colour temperature to the effective one. Substituting fc = 1, M = 10M ⊙ , i = 50 • , D = 2.0 kpc (see references in G99, Frontera et al. 2001 ) and βc = 1.7 (Shimura & Takahara 1995) , we expect the normalization of ≃1.92. The lower normalization of the obtained fits (see Table 3 ) is caused either by a larger βc ∼ 1.71-1.98 or by a smaller covering factor fc. A slightly smaller, than the assumed disc temperature of 200 eV, can also reduce the normalization.
We stress that since we do not observe the low-energy tail of the spectra, where most of the unscattered disc photons appear, we can determine only the disc flux that comes through the Comptonizing region. Without the low-energy data, we thus cannot measure the full flux emitted by the accretion disc, unless the hot corona indeed intercepts all of it.
Fits to the 1996, 1998 and 1999 spectra
The spectra observed in 1996, 1998 and 1999 (observations 1-4, 18-38) appear similar in the overall shape to those from 1991 and 1997, but are significantly softer (see Fig. 2 ). There is a clear cutoff at > ∼ 100 keV, consistent with thermal Comptonization. However, the purely thermal model 1 cannot describe the whole spectrum because of a significant soft excess over the thermal Comptonization continuum at < ∼ 10 keV. Such excesses were observed in both the hard state by Di Salvo et al. (2001) and in an intermediate state (similar to that analyzed here) by Frontera et al. (2001) in Beppo-SAX data. The RXTE/PCA is not sensitive at < ∼ 3 keV, and the excess is not observable in our hard-state data. However, the soft excess in the intermediate state is stronger, and strong enough to be clearly observable in the PCA data. In order to achieve a good fit, an additional spectral component should then be added at low energies.
We stress that the requirement of an additional soft excess is implied only by the joint PCA/HEXTE/OSSE data, since the PCA data cover a too narrow energy range. Even if the actual spectrum in the PCA 3-20 keV band is not a power-law but is e.g. concave, a good fit with a power law plus reflection (model 0) can be still achieved. However, the real strength of Compton reflection can be significantly different.
Since the data require an additional component only in a relatively narrow, ∼3-10 keV, range, the parameters of the soft excess cannot be constrained accurately. Below we consider a number of physically realistic scenarios of its nature. In each of the considered models, we restrict the parameters controlling its spectral shape to values that makes its flux significant only at low energies, and the fit only its normalization. These fits allow us to completely describe the broad-band spectra and to constrain the parameters of main continuum.
High temperature of the optically-thick disc
The additional component may, in principle, be emitted by the hottest part of the optically-thick disc provided its temperature is high enough. We find that the spectra of the observations 1-4, 18-38 can be well fitted with kTmax ∼ 1 keV. But Di Salvo et al. (2001) showed that the spectral decomposition of the BeppoSAX data of Cyg X-1 in the hard state requires the presence of both the soft blackbody disc photons (with kTmax ≃ 0.1-0.2 keV, and an additional soft excess component. Therefore, we consider this model to be not appropriate.
Hybrid model
We also tried to apply hybrid thermal+nonthermal eqpair model to the spectra. Most of the data require nearly nonthermal injection and the resulting spectrum becomes a power-law directed by PCA part of the spectrum. Because the observed hard tail is not powerlaw, large reflection appears to mimic the cutoff region, but it is still not enough to describe both the soft excess below 10 keV and the hard tail, in which the systematic difference between the data and the model remains. Therefore, we ruled out this model.
Two thermal Comptonization components
The soft component can be described by additional thermal Comptonization (Frontera et al. 2001; Di Salvo et al. 2001) . We use the model 2, phabs(comptt+eqpair+gaussian), where eqpair gives the main Comptonization and comptt (Titarchuk 1994) -the additional soft component. Since the parameters of the soft excess are rather weakly constrained by our data, we fixed the parameters of comptt at kTe = 20 keV and τ = 1. Such a model produces a soft power law that does not extend to very high energies. This model fitted to the data of the observation 24 is shown in Fig. 3 . In spite of its simplicity, it yields a relatively good description of the data.
The fit parameters are given in Table 4 , and the dependencies between various model parameters are shown in Fig. 4 . The normalization of most of the fits is larger than the expected value of 1.92 (see Sect.3.2). This cannot be explained by changing fc (smaller covering factor can only reduce the normalization), but could be a result of somewhat larger inner disc radius or larger temperature. The largest observed normalization corresponds to kTmax ∼ 240 eV.
The reflection amplitude is also correlated with the Fe line equivalent width EW and anti-correlated with ℓ h /ℓs. There is a clear correlation between τ and ℓ h /ℓs.
The electron temperature kTe is a calculated parameter and no errors on it can be obtained from fitting. However, we estimated its 1σ limits using its extremal values within the uncertainties of the parameters controlling spectral shape, i.e., ℓ h /ℓs and τ . This estimation gives us possible conservative error on kTe ∼ 10 keV for models 2 and 3 and about 1 keV for model 1. Taking this into account, no correlations between kTe-flux and kTe − ℓ h /ℓs are apparent. 
Thermal continuum and nonthermal Comptonization component
As an alternative to the second thermal-Compton component, we consider here addition of a nonthermal Comptonization compo- components can be described by the main thermal-Compton emission. This model fitted to the spectrum 24 is shown in Fig. 5 . Note that the COMPTEL data are shown for illustration only and were not taken into account in the fitting. The used model 3 consists of phabs(eqpair+eqpair+gaussian), in which the second eqpair component produces the nonthermal spectrum. In eqpair, the available power is supplied in part into heating electrons and in part into their acceleration, with the resulting steady-state electron distribution calculated self-consistently. The compactness corresponding to the acceleration is hereafter denoted as ℓ nth . Then the relative fraction of the input power going into the nonthermal acceleration is ℓ nth /ℓ h , where ℓ h (as before) corresponds to the total rate of energy dissipation in the plasma.
For that additional component, we assumed that all the available power goes into nonthermal acceleration, i.e., ℓ nth /ℓ h = 1. Note that the resulting self-consistent electron distribution is not purely nonthermal but hybrid, i.e., it does contain a low-energy Maxwellian heated by Compton and Coulomb interactions. We further assume R = 0, the power-law index of the accelerated electrons of Γinj = 2.4 (see McConnell et al. 2002; G99; Frontera et al. 2001; Poutanen & Coppi 1998) , the minimum and maximum Lorentz factors of the power law of γmin = 1.3 and γmax = 1000, respectively, kTmax equal to that of the main component, ℓ h /ℓs = 1, and τp = 1. No pair production is required, and τ is found to be equal to τp.
The best-fit parameters are presented in Table 5 and correlations between them are shown in Figs. 6 and 10 . The correlation between R and ℓ h /ℓs is apparent and represent R − Γ correlation -1996 data form two groups with slightly different spectral slopes. that we mention in Sect. 4.3. The values of R and the Fe line equivalent width EW are well correlated and can be approximated by a linear function passing through zero (see Fig. 10c ). Again, there is correlation between τ and ℓ h /ℓs. 
DISCUSSION

Spectral variability patterns
Using CGRO/BATSE and RXTE/ASM data, Zdziarski et al. (2002) showed that Cyg X-1 has two types of variability -flux changes without slope changes and pivoting at ∼ 50 keV which produces anti-correlation of the fluxes in the soft and hard part of the spectrum. However, those instruments do not provide detailed spectral information giving mostly fluxes only in some energy intervals. The effective photon spectral indices using fluxes in two energy bands and calculated in the wide (20-300 keV) energy interval, where real spectra experience a cutoff, should be treated with caution. Now we have a possibility to check the results of Zdziarski et al. (2002) using our set of observations, on which we have a detailed spectral information in the wide energy range. For this purpose we are using the model spectra obtained from model 1 (observations G1-G4, 5-17) and model 2 (1) (2) (3) (4) .
In Fig. 7 we present the spectra related to different time periods. It is possible to see that 1991, 1996 -1998 spectra only change their normalization. However, spectral slope is different for various years and forms two groups: 1991+1997 spectra and 1996+1998 ones. In the 1999 data, we again can see normalization changes (see pairs of red solid curves) as well as pivoting behaviour.
The Γ-flux correlations are shown on Fig. 8 . It is clearly seen that 1991, 1996-1998 data do not show dependence between flux and Γ. The 1999 data show clear anti-correlation between Γ and flux on low energies (3-5 keV) and correlation on high energies (50-100, 100-300 keV), that indicates the pivoting behaviour with the pivot energy above 5 and below 50 keV. On Fig. 8d (see also fig. 8 in Zdziarski et al. 2002) , it can be seen that spectra from 1996 and 1998 are somewhat softer than the hard state spectra observed in 1991 and 1997, but the observed correlations have very similar behaviour. Again, the 1999 spectra show clearly different correlations.
QPO frequencies
Among the data sets we have studied, timing data from GCR99 and Pottschmidt et al. (2003) are available for 10 observations. This allows us to check the relation between the characteristic frequencies in the power density spectra and the spectral parameters. In agreement with earlier results GCR99, we find a clear anti-correlation between the characteristic frequencies of the aperiodic variability and ℓ h /ℓs (Fig. 9) , indicating an apparent connection between QPO frequencies and the parameters of the Comptonizing region. This provides an argument (but not a proof) in favour of the presence of a hot inner corona and a variable inner radius of the surrounding disc. Although we plotted only one QPO frequency on Fig. 9 , all of them show similar behaviour. Frequencies taken from Pottschmidt et al. (2003) are multiplied by a factor of 1.6 in order to take into account the difference in the spectral models (Lorenzian vs. broken power law) used to fit the power density spectra in Pottschmidt et al. (2003) and GCR99. The scaling factor was calculated using two observations analyzed in both papers (the points at ℓ h /ℓs ∼12 and 14 in Fig.9 ). It is interesting to notice that Pottschmidt et al. (2003) and Nowak et al. (2002) expect correlation between QPO frequencies, ν, and the ratio of the coronal compactness to that of the disc, ℓ h /ℓs, as ν ∝ (ℓ h /ℓs) −3/2 . We find a different dependence. A power-law fit ν ∝ (ℓ h /ℓs) −α , gives α in the range 2 − 3 for various QPO frequencies. Fig. 10 compares the results obtained with the simple phenomenological model of power law + reflection in the 3-20 keV energy range (model 0) with those from our models 1 and 3 applied to the 3-1000 keV range. More elaborate and physically justified models utilizing the full energy range of our data do not change the picture qualitatively. On the quantitative level we find that the simple power law + reflection spectral fits to the 3-20 keV data overestimated the amplitude of the reflected component R and the slope Γ of the primary Comptonization continuum. We confirm, however, that the simple models did rank correctly the spectra according to the strength of the reflected component and slope of the Comptonized radiation, as it was demonstrated in the original publica- tions on this subject (ZLS99; GCR99) . It is also illustrated by the lower three panels of the Fig.10 . The difference of the obtained parameters comes from the fact, that for wide-energy observations the main thermal Comptonization component that describes well the hard energy tail may lie well below the observed flux in the 2-10 keV range (see Fig.3 and 5) and has different slope in this band. It is demonstrated by the 1996, 1998 and 1999 spectra fitted with models 2 and 3, while in 1991 and 1997 cases there is no additional soft flux required and our physical models have much less differences with the phenomenological one.
Comparison between phenomenological and physical spectral models and R − Γ correlation
On Fig. 10a , we see a clear correlation between Γ and R. For comparison, we also show the dependencies predicted by the plasma ejection model of MBP01 (cylindrical geometry with h/r = 2), using the geometric parameter of that model of µs = 0.4 and 0.5, i = 50 • , albedo of the reflecting medium of 0.15 and τ = 2. We used the dependence between the amplification factor A of Comptonization and Γ from MBP01. We also compared our data with the dependence expected in the model of ZLS99, assuming the black body temperature of 0.2 keV, appropriate for Cyg X-1, with one minor change. In the original paper, all the reflection luminosity was assumed to reach the observer. Reflection amplitude is an integral that consists of two parts, from the disc inside the corona and from the outer part of it. We multiplied the part of luminosity coming from the former part by e −τ , to approximately take into account scattering of radiation in the corona (τ = 1 was chosen). We see that this model cannot quantitatively describe the presented data. Moreover, taking into account intrinsic dissipation in the disc (see Appendix A for details) will further increase the slope of the dependence making the discrepance larger. Intrinsic dissipation becomes important for a small inner disc radius (when reflection is relatively large) and the increase of soft seed photon flux in that case makes the spectrum softer (see Beloborodov 2001) .
Physical scenario
The hard spectral state of black hole binaries is commonly defined as the state in which the spectrum is dominated by the hard Comptonization component, without significant contribution of the blackbody-type emission from the optically thick accretion disc. Naturally, the hard state is not characterized by a single, uniquely defined spectrum but rather includes a continuum of spectral shapes with the major spectral parameters vary in a rather broad range. The diversity of the hard state spectra reflects the position of the source with respect to the "bottom hard" state and the soft state. Quantitatively, this position can be characterized by the strength of the reflected component (reflection scaling factor R or Fe line equivalent width EW ) or properties of the main Comptonized component (Comptonization parameter, or Compton amplification factor A = l h /ls, or the photon index Γ in the low energy limit) or characteristic frequencies of the aperiodic variability. Existence of good correlations between all these quantities suggests that they all are an equally good measure of the source position within the hard state. The results found in earlier work (ZLS99; GCR99; Gilfanov et al. 2000; Gilfanov, Churazov & Revnivtsev 2004 ) and presented in the previous sections of this paper suggest the following pattern of spectral and temporal variability. Increase of the strength of the reflected component is accompanied by the increase of the width of the Fe line, increase of the characteristic QPO frequencies and softening of the Comptonized component observed as increase of its photon index Γ in the low energy limit.
We find from our spectral analysis that in the "bottom hard" state the broad band spectrum (3-1000 keV) is well described by the single thermal Comptonization spectrum with superimposed reflected component due to reflection of the primary emission from relatively cool and neutral or partly ionized optically thick matter (the accretion disc). As the source moves towards the soft state (i.e. the strength of the reflected component increases) the spectrum becomes more complex and an additional spectral component appears. Considering the 3-1000 keV energy range covered by our data, this spectral component reveals itself most clearly in the E < ∼ 10 keV energy domain as the "soft excess". Another independent indication of the more complex spectral shape in the hard state is the gamma-ray power-law tail detected in the hard state at MeV energies by the COMPTEL telescope (McConnell et al. 2002) .
From the point of view of the formal fit quality the E < ∼ 10 keV excess can be described equally well by an additional thermal Comptonization component due to low temperature, low Comptonization parameter plasma or by non-thermal Comptonization with the power law index of accelerated electrons Γinj ∼ 2−3. Owing to the complex shape of the continuum at these energies defined by the superposition of several spectral components, these two possibilities can not be easily discriminated based solely on the low energy data. The task is further complicated by the rather limited low energy coverage provided by the PCA instrument, E > 3 keV. However the above possibilities predict very different behaviour in the ∼ MeV energy domain, where the main thermal Comptonization component diminishes and the power law tail due to the nonthermal Comptonization should reveal itself. As the OSSE sensitivity and energy range are insufficient to probe existence of the MeV tail correlated with the E < 10 keV excess, we can not, strictly speaking, give preference to either of these two models.
There are however several additional considerations to be taken into account: (1) COMPTEL detected a weak MeV tail in the averaged hard state data for Cyg X-1 (McConnell et al. 2002) . The slope and amplitude of this tail is qualitatively consistent with the extrapolation of the non-thermal Comptonized component, required to explain the E < ∼ 10 keV excess (Fig.5); (2) in the soft state the non-thermal power law is the dominant (the only) high energy component; (3) the E < ∼ 10 keV excess is pronounced only in the spectra characterized by large reflection and rather steep slope of the main Comptonized component, i.e. in those sufficiently close to the soft state. Its strength seems to increase with increase of the reflection. These arguments suggest that the non-thermal origin of the E < ∼ 10 keV excess is more plausible. We note, that the 1991 and 1997 data do not show this excess and can be fitted by a single thermal Comptonization component. This may be explained by the lower relative luminosity of the non-thermal Comptonization component which therefore reveals itself at lower energies, below the E = 3 keV threshold of the PCA instrument, but can be de-tected by instruments which have response at lower energies, i.e. BeppoSAX (see Frontera et al. 2001; Di Salvo et al. 2001) .
The overall qualitative picture can be outlined as follows. The overall geometry of the accretion flow is adequately represented by the truncated disc model with the inner radius of the standard optically thick geometrically thin disc varying from ∼ 3 Rg to ∼ several tens Rg. Inside this radius the accretion flow proceeds via quasi-spherical optically thin hot flow. The plausible mechanism governing the transition from the disc accretion to the coronal flow is the disc evaporation process as proposed by Meyer & Meyer-Hofmeister (1994) . The geometrically thin disc gives rise to the soft black body type component. In addition, due to dynamo, solar-type magnetic flares can be produced above the accretion disc (Galeev et al. 1979) . The electrons there can be accelerated and form non-thermal distribution. Comptonization of the disc emission on these electrons results in the power law-like Comptonized emission. The inner optically thin flow gives rise to the thermal Comptonization component. The relative contributions of non-thermal and thermal Comptonized components are defined by the fractions of the gravitational energy released in the disc (i.e. outside Rin) and in the inner hot flow (inside Rin). The position of the transition radius is defined by the mass accretion rate and is modified by the irradiation-related effects. The transition radius decreases as the mass accretion rate increases.
The QPOs are due to some processes in the transition region near Rin and approximately scale with the Keplerian frequency and other characteristic time scales of the coronal flow and standard accretion disc in the transition region.
The configuration with the large inner disc radius, probably Rin > ∼ 50 − 100Rg , corresponds to the classical hard state. The main features of this "bottom hard" state are low strength of the reflected continuum, relatively narrow fluorescent Fe line of small equivalent width, large Comptonization parameter of the thermal Comptonized component (hard spectra with the low energy photon index Γ ∼ 1.6), low frequencies of QPOs. As only small fraction of the gravitational energy is released in the disc, the contribution of the non-thermal component is small and the spectrum is adequately described by thermal Comptonization.
As the mass accretion rate increases, the transition radius decreases, the disc moves towards the compact object. This results in increase of the reflection, broader fluorescent Fe line, larger QPO frequencies, smaller l h /ls, i.e. smaller Comptonization parameter in the inner hot flow. The contribution of the non-thermal component increases. The optical depth of the thermal plasma of the inner flow decreases due the shrinking of the inner hot flow as the disc extends towards the compact object.
The classical soft state (we ignore all the complications and sub-states here) corresponds to the accretion disc extending all the way towards the last stable orbit or very close to it. Correspondingly the inner hot flow disappears and the dominant or the only hard component is the one due to non-thermal Comptonization of the disc emission on the non-thermal electrons accelerated in the magnetic loops/flares above the disc.
The behaviour of the temperature of the thermal Comptonization component is unclear. It seems relatively constant, which suggests of possible presence of electron-positron pairs (see MBP01) .
The physical scenario qualitatively outlined above is based on the truncated disc picture and on the assumption that the spectral evolution is governed by the change of the transition radius between the standard accretion disc and the hot inner flow. In this picture many of the observed correlations can be explained naturally. However, the R − Γ correlation is significantly better quanti-tatively explained by the non-stationary corona model (MBP01) , in which the governing parameter is the velocity of the blobs of emitting plasma moving away from the accretion disc. We note that both models are geometrical in their nature and the predicted qualitative relations between the physical parameters are obtained with a number of simplifying assumptions. Therefore results of quantitative comparison of the model predictions with the observed pattern of the spectral variability should be interpreted with caution and any conclusions regarding validity of either model based on such a comparison would be premature.
CONCLUSIONS
Based on the broad band (3-1000 keV) data of simultaneous observations of PCA and HEXTE instruments aboard RXTE, CGRO/OSSE and Ginga in 1991 -1999 we studied the spectral variability in the hard spectral state of Cyg X-1.
(i) We confirm earlier results on R − Γ correlation. Considering the 3-20 keV data we find very tight one-parameter relations between reflection, spectral index and the width of the Fe line.
(ii) More elaborate and physically justified models utilizing the full energy range of our data do not change the picture qualitatively. On the quantitative level we find that the simple power law + reflection spectral fits to the 3-20 keV data overestimated the amplitude of the reflected component R and the slope Γ of the primary Comptonization continuum. We confirm, however, that the simple models did rank correctly the spectra according to the strength of the reflected component and slope of the Comptonized radiation, as it was demonstrated in the original publications on this subject (ZLS99; GCR99).
(iii) Based on the analysis of the broad band data we found that the hardest spectra in our sample (R ∼ 0.2 − 0.3, Γ ∼ 1.6) can be adequately described by the single thermal Comptonized component with superposed reflection from the optically thick disc. As the strength of the reflection increases, an additional spectral component appears, giving rise to the E < ∼ 10 keV excess. Presence of this excess was the primary reason for the simple spectral approximations of the 3-20 keV data to overestimate both R and Γ. The nature of this excess can not be unambiguously determined from our data. Based on the circumstantial evidence we suggest that it is the lower energy part of the non-thermal Comptonized component with the power law index of accelerated electrons Γinj ∼ 2 − 3. At higher energies this non-thermal component reveals itself as a power law detected by COMPTEL at MeV energies in the average hard state spectrum of Cyg X-1.
(iv) The overall pattern of spectral and temporal variability can be summarized as follows. Increase of the strength of the reflected component is accompanied by the increase of the width of the Fe line, increase of the characteristic QPO frequencies and softening of the Comptonized component observed as increase of its photon index Γ in the low energy limit or, equivalently, decrease of the Compton amplification factor l h /ls. Simultaneously, the optical depth of the thermal Comptonization decreases and the fractional contribution of the non-thermal component to the total energy flux increases. The exact behaviour of the electron temperature in the hot inner flow is not constrained by our data.
(v) We suggest a qualitative physical scenario naturally explaining the observed behaviour. In this scenario the evolution of the spectral parameters is governed by the value of the transition radius between the standard optically thick accretion disc and the inner quasi-spherical hot flow. The thermal Comptonized component originates in the inner hot flow as a result of Comptonization of the soft photons emitted by the accretion disc. The origin of the non-thermal component is related to the optically thick disc, for example it can be produced due to non-thermal electrons accelerated near the surface of the optically thick disc in the solar-type magnetic flares. The relative contributions of non-thermal and thermal components to the total energy flux depends on the fractions of the gravitational energy of accreting matter released in the optically thick disc and in the hot inner flow. THE DISC-HOT FLOW MODEL ZLS99 have considered an idealized geometrical model for thermal Comptonization, reprocessing and reflection in an accretion flow consisting of a central hot sphere surrounded by a flat cold disc, see fig. 2 in ZLS99. The sphere has a unit radius, and the inner radius of the disc can assume any value, d. For d < 1, there is an overlap between the two components. The hot sphere Comptonizes soft seed photons emitted by the disc. In the original model of ZLS99, the disc reprocesses and reemits only the photons emitted by the sphere incident on the disc.
Here, we generalize that model to include intrinsic dissipation in the cold disc (as expected in an accretion flow). Also, we take into account scattering of the Compton-reflected photons in the hot sphere, which was neglected in ZLS99. For completeness, we give here the full set of relevant equations, but refer the reader to ZLS99 for details of the derivation.
The hot sphere has a unit luminosity and emits isotropically. The total flux incident on the disc at a radius, r, is then given by (ZLS99),
where h(r) = (4/3)× 2 − r −2 E r 2 + r −2 − 1 K r 2 , r < 1, 2r − r −1 E r −2 + 2 r −1 − r K r −2 , r ≥ 1,
where E and K are complete elliptic integrals. The luminosity of the disc due to reemission of photons incident on it is
This can be divided into the contributions to the integral from the parts of the disc at d ≤ 1 and d > 1, Linc = L < inc + L > inc , where the first term is nonzero only for d < 1.
Then, the relative strength of Compton reflection can be identified (ZLS99) with the ratio of the luminosity of the disc due to irradiation to the fraction of the sphere luminosity that is not incident on the disc. However, we correct here for attenuation of the reflection from the parts of the disc with d < 1 because of scattering by the hot electrons in the sphere. For the radial optical depth of the sphere τ , we can then write
Another effect not included in the treatment of ZLS99 is the intrinsic dissipation in the disc. Far away from the center (so any effect of the inner boundary condition is negligible), the dissipated flux per unit area is ∝ r −3 , and we assume it for r > 1. On the other hand, the dissipation in the part of the disc inside the hot sphere, r < 1, is reduced due to the transfer of the power to the hot plasma. We assume here that dissipation either to be null or constant matching that of the outside disk, Fint(r) = Lint 4π 0 or 1, r ≤ 1, r −3 , r > 1,
where we parametrized the relative intrinsic dissipation by the dimensionless factor, Lint, defined as the intrinsic luminosity of the disc extending from r = 1 to infinity (regardless of the actual value of d).
The power in seed photons scattered in the sphere from both the reprocessing and the intrinsic dissipation (assuming τ = 1) is then 
where a is the albedo and the term given by the second line of equation (A6) appears only in the case of the nonzero dissipation within the sphere and when d < 1.
The amplification factor of the process of thermal Comptonization is then A(d) ≡ 1/Ls(d). It can be related to the spectral index of the power-law part of the Comptonization spectrum using e.g. the formula of MBP01
where C = 2.19 and δ = 0.14 for BHB with kT seed = 0.2 keV.
